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In a joint theoretical and experimental study we investigate the pressure dependence of the Eu 
valence in EuPdaB^ (0 < x < 1). Density functional band structure calculations are combined 
with x-ray absorption and x-ray diffraction measurements under hydrostatic pressures up to 30 
GPa. It is observed that the heterogenous mixed-valence state of Eu in EuPdaB^ (x > 0.2) can be 
suppressed partially in this pressure range. From the complementary measurements we conclude 
that the valence change in EuPdsB^ is mainly driven by the number of additional valence electrons 
due to the insertion of boron, whereas the volume change is a secondary effect. A similar valence 
change of Eu in Eui-^La^Pds is predicted for x > 0.4, in line with the suggested electron count 
scenario. 
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I. INTRODUCTION 

The possibility to observe and induce valence instabil- 
ities in Eu containing intermetallic compounds has been 
of considerable interest and the topic of many experi- 
mental as well as theoretical investigations [1H13J. In 
fact, europium together with ytterbium are the only lan- 
thanide metals which are divalent (configurations 4/ ; 
4/ 14 ) in their elemental metallic standard state, as well 
as in some alloys and intermetallic compounds [14j. In 
that case, their crystal chemistry strongly resembles that 
of the alkaline-earth metals, typically influenced by the 
large radii of the ions. Nevertheless, in many systems 
Eu is found to be in a trivalent (4/ 6 ) state, similar to 
the majority of the rare-earth metals [15|]. Accordingly, 
the physical properties of Eu are significantly different in 
the two states, namely Eu 2+ (S = 7/2, L = 0) carrying 
a high magnetic moment (J = 7/2) compared to Eu 3+ 
with a non-magnetic ground state (S = 3, L = 3, J = 
L-S = 0) and low-lying excited magnetic states (J = 1, 
2,...). Many factors like the local environment (determin- 
ing the crystal field splitting), the electronegativity and 
the concentration of alloying partners [la - lla ] as well as 
external parameters like temperature, pressure and mag- 
netic field [19] determine and influence the valency of Eu 
in a compound. 

In this context it has been known and controver- 
sially discussed for a considerable time that insertion 
of boron in cubic EuPd3 (CU3AU type of structure) in- 
duces a change of the Eu valence from an essentially non- 
magnetic Eu 3+ (4/ 6 ) state into a strongly magnetic Eu 2+ 
(4/ 7 ) state (see Ref. |20I ). For boron contents passing a 
threshold value x c in the system EuPdaB-r, a heteroge- 
neous mixed- valence state was inferred to exist, includ- 
ing the stoichiometric compound EuPdaB. However, a 
recent study of the electronic structure of intermetallic 
REPdsB x borides covering the whole series from RE = 
La to Lu as a function of the boron content [21| called 



the stability range of EuPdaB-r into question. In order to 
clarify this issue, we reinvestigated in a joint theoretical 
and experimental study a large series of EuPdaB^ and 
GdPdaBa; compounds [20J . By x-ray diffraction (XRD), 
metallography, energy and wave-length dispersive x-ray 
spectroscopy, as well as chemical analysis, the homogene- 
ity ranges for EuPdaB^ and GdPdaB^ could be estab- 
lished as x < 0.53 and x < 0.42, respectively. Den- 
sity functional (DFT) based electronic structure calcu- 
lations predicted a valence change in EuPdaB^ above 
x c = 0.19(2) from a non-magnetic Eu 3+ ground state to 
a magnetic Eu 2+ state, which is reflected in a discontinu- 
ity of the lattice parameter. In contrast, the GdPdaBj; 
alloy system with a stable Gd 3+ state exhibits an al- 
most linear increase of the lattice parameter following 
Vegard's law. Consistent with the theoretical calcula- 
tions, the lattice parameter vs. x indeed shows a kink 
for EuPdaBa; at x c = 0.22(2). X-ray absorption spec- 
troscopy (XAS) in line with magnetic susceptibility and 
specific heat data assign this kink to a transition into a 
heterogeneous mixed valence state for Eu associated with 
a change of the mean Eu valence from Eu 3+ (x < 0.2) 
towards Eu 25+ (x = 0.5). 

This close interplay of the Eu valence state and the dis- 
continuity in the unit cell volume under boron insertion 
raises the question, if the valence transition is driven by 
the mere change of interatomic distances, by the B chem- 
istry, or ruled by the valence electron count. To clarify 
this issue, we investigate the influence of high pressure 
on EuPdaB^ compounds with fixed B content above the 
valence transition (x > x c ). In our electronic structure 
calculations, we find a subtle interplay between doping 
and volume effects on the valence state, while the dis- 
order within the system is less relevant. However, be- 
ing aware that present-day DFT calculations have still 
difficulties with respect to the description of strong cor- 
relation and disorder, we challenge our theoretical re- 
sults by a combination of XAS and XRD experiments 



under high pressure. These measurements allow to fol- 
low the questions, (i) if we can observe the qualitatively 
predicted change of Eu valence under pressure for a fixed 
B content experimentally and (ii) if the transition is con- 
tinuos as under B insertion. Finally, we elucidate the 
driving force for the onset of the transition. Our results 
show, that applying pressure can reverse the effect only 
partially, driving the magnetic Eu 2+ state towards the 
non-magnetic Eu 3+ state and thus point to an important 
contribution of the B chemistry or the electron count to 
the valence transition, ruling interatomic distance effects 
out. Recently, a similar valence scenario was observed 
for Euo.4Lao.ePd3 [22|. Applying our calculational ap- 
proach, we find a stable Eu 2+ state in Euo.4Lao.6Pd3 due 
to the La insertion, in agreement with the reported ex- 
periments. A systematic, theoretical investigation of the 
whole series of Eui-^La^Pds (0 < X < 1) compounds 
allows to predict a critical La concentration for the tran- 
sition and supports independently the predominant role 
of charge doping for the Eu valence change. 

The manuscript is organized as follows. All techni- 
cal details concerning our experimental and theoretical 
methods are shortly summarized in the next section. 
Then, the results of our theoretical approach (fixed-spin 
moment calculations) are presented (Sec. IIII Ap followed 
by high-pressure XAS (Sec. UlTBl and XRD (Sec. UTTC!) 
measurements to study the stability of the valence state 
under volume change for EuPdsB^. Finally the influ- 
ence of an alternative La substitution is investigated 
(Sec. IIII D|) by our computational approach allowing to 
distinguish between the effects caused by B chemistry or 
pure valence electron change. A summary and outlook 
concludes the manuscript (Sec. IIV|) . 



II. METHODS 

To study the influence of changes in volume and in 
number of valence electrons (induced by the B inser- 
tion) on the Eu valence state, electronic structure calcu- 
lations have been performed using the full potential non- 
orthogonal local-orbital minimum basis scheme FPLO 
(version: fplo5. 00-19) within the local spin density ap- 
proximation (LSDA).|23] Within the scalar relativistic 
calculations the exchange and correlation potential of 
Perdew and Wang was chosen 24] . The same basis set as 
in Ref. [20j was used, treating the rare-earth 4/ states as 
valence states. The strong correlation of Eu 4/ electrons 
was considered in a mean-field way by the LSDA+f/ ap- 
proximation [251 applying an on-site Coulomb repulsion 
U = 8 eV and on-site exchange J = 1 eV and using the 
atomic limit for the double counting term. The variation 
of U from 6 to 8 eV and J from to 1 eV does not change 
the results qualitatively. 

The disordered insertion of B for different concentra- 
tions between EuPd3 and (hypothetical) EuPdsB and 
the gradual, disordered substitution of La from EuPd3 
to LaPd3 was simulated by the coherent potential ap- 



proximation (CPA)[26|. To check the accuracy of the 
LSDA+f/+CPA calculations [27| we compared them 
with the results for the ordered structures (x=0, x=0.5 
and x=l). Furthermore, to study the role of electron 
doping independent from the rare-earth site and from 
structural changes, for EuPd3 the virtual crystal approx- 
imation (VCA) at the Pd site was used. 

Polycrystalline samples were prepared by arc melting 
of the elements under Ar atmosphere and carefully char- 
acterized (for details see Ref. |2Q| ) . X-ray diffraction mea- 
surements (XRD) for pressures up to 30 GPa were per- 
formed at the high-pressure beam-line ID09 of the ESRF 
at room temperature for two different EuPd3B x sam- 
ples (x = 0.32,0.48) above the valence transition and 
two GdPd3B x compounds with corresponding B content 
as reference system. For best possible hydrostatic con- 
ditions we used a membrane diamond anvil cell (DAC) 
with helium as pressure medium. The pressure was deter- 
mined using the ruby fluorescence method [28j. The col- 
lected patterns were integrated using the program Fit2D 
|29J . After a background correction the data were refined 
with the fullprof package [30]. Since rhombohedral and 
orthorhombic distortions frequently occur in compounds 
with perovskite- and related structures [U [32| , all XRD 
peaks in the measured powder patterns were carefully an- 
alyzed with respect to possible splitting. In the pressure 
range of 15-30 GPa full- width of half maxima (FWHM) 
of the reflections increase slightly with increasing diffrac- 
tion angle without any signs of splitting. On the other 
hand, in the low pressure range (0-15 GPa) some peaks 
in a few XRD patterns were broadened, possibly indicat- 
ing a splitting (see Ref. [3J). However, the observations 
are not systematic and do not obey any rhombohedral, 
tetragonal or orthorhombic rules. Therefore we can con- 
clude that these observations are most likely an artifact 
of the measurement. 

Eu Lni-edge (6977 eV) x-ray absorption spectroscopy 
(XAS) measurements were performed at the energy 
dispersive XAS beam- line ID24 of the ESRF, on two 
EuPdsBz samples (x =0.32, 0.48). The powder samples 
were pressurized up to 25 GPa within a non-magnetic 
Cu-Be DAC using silicon oil as pressure transmitting 
medium. As in the high-pressure XRD experiment, a 
ruby chip was used for the pressure determination. The 
obtained XAS spectra were analyzed by a least-squares 
fitting procedure to determine the average Eu valence v 
by the relative intensities of Eu 2+ and Eu 3+ components, 
as described in Ref. KM 



III. RESULTS 
A. Calculation 

To elucidate the origin of the valence transition in 
EuPdsBz we try to separate the effects caused by a 
change of the unit cell volume from the effects of B sub- 
stitution. Unfortunately it is not possible to simulate 
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FIG. 1. (color online) Fixed spin moment calculations for four different boron contents x in EuPdaBa, under pressure (for 
different volumes). The total energies for the two ordered structures EuPd3 and EuPdaB are calculated by LSDA+J7. For the 
compounds with x = 0.3 and x = 0.5 the CPA approach was used simulating a disordered B insertion. The total energies are 
given relative to the corresponding minima. Arrows indicate the global minimum for a specific B content and volume. 



directly the mixed valence state observed in the experi- 
ments, as the LSDA+C/ method favors full polarization 
and therefore suppresses a fractional occupation of the 
Eu 4/ states. However, it is possible to stabilize Eu 4/ 
occupations close to the two limiting cases of 6/is/Eu 
and 7/xb/Eu in the majority spin channel: Starting from 
these two solutions we performed fixed-spin moment cal- 
culations for compounds with fixed B concentration and 
varied the volume of the unit cell [35| . As the spin com- 
ponent of the moment in these calculations is related to 
the Eu 4/ occupation and therefore to the valence state 
of Eu, the interplay of volume and 4/ charge effects can 
be studied. The comparison of the total energies yields 
the more stable configuration for a specific B content - 
volume combination. In Fig. Q] the dependence of the to- 
tal energy on the spin-only moment for four compounds 
with different B content is depicted. While in the case 
of EuPd3 the two branches of the energy curves regard- 
ing the two limiting Eu 4/ occupations are clearly visible, 
the stabilization of the Eu 4/ 6 phase is progressively sup- 
pressed with increasing B content. 

In more detail, we find a subtle balance between the 
Eu 3+ and Eu 2+ state for EuPd3 in its optimized equilib- 
rium volume (a = 4.08A, see left panel of Fig. [TJ middle 
graph). The energy difference between the two solutions 
is less than 4 meV/Eu-atom. Applying pressure, simu- 
lated by a reduction of the unit cell volume (a = 3.80A), 
clearly stabilizes the Eu 3+ state by an energy difference 
of about 0.25 eV/Eu-atom. If the unit cell volume is ex- 
panded (a = 4.16A) compared to the equilibrium volume, 
the Eu 2+ state becomes energetically preferred ( arrows 
in Fig. Q]). Thus, rin our calculations, the valence state 
of Eu in EuPd3 exhibits a clear volume effect. 

In the case of EuPd3Bo.3 with a B content just above 



the onset of the valence transition [2(| , the two solutions 
are still well pronounced. Although their total energy 
shifts against each other under pressure, the decrease of 
the unit cell volume does not change the position of the 
global energy minimum. Consequently, the Eu 2+ state 
remains stable in the whole volume range, in contrast to 
the behavior of EuPd3. This stabilizing effect of the B in- 
sertion on the Eu 2+ state is strengthened further with in- 
creasing B content. While for EuPdsBo.s the metastablc 
solution of Eu 3+ can be obtained only for spin-only mo- 
ments below 6/ib/Eu with a sizable energy difference to 
the Eu 2+ state, EuPdsB converges always to the single 
solution of Eu 2+ (compare right panel of Fig. [IJ. 

To ensure that the observed effects arc independent 
of a specific approximation to model the partial occu- 
pation of the B site, the results using the CPA, VCA 
and LSDA+J7 for ordered structures ( x =0, 0.5, 1) were 
checked and compared carefully with each other (see sup- 
plementary material |36j). From their good agreement, 
we conclude that the magnetic properties of the com- 
pound depend sensitively on the B content, but not on 
the particular B order, in contrast to an earlier study, 
where the Eu valence instability was connected to an 
anisotropic B environment [371 ] . 

Our calculations yield a clear volume effect on the Eu 
valence state of the EuPdsBj, compounds, although a 
change of the preferred Eu 4/ occupation is only ob- 
served for EuPd3. Besides this volume dependence, our 
calculations predict a strong influence of the B substitu- 
tion on the stability of the Eu 2+ state. This prediction 
and the difficulty to describe the heterogeneous mixed- 
valence state of Eu by the LSDA+U approach in a realis- 
tic way require experimental support for a reliable, more 
quantitative picture. 



B. XAS under pressure 

The interplay between the occupation of the Eu 4/ 
states and the unit cell volume suggested by our calcula- 
tions proposes to tune the Eu valence state by pressure 
for a fixed B concentration or even to reverse the valence 
transition. 

As a direct probe of the Eu valence state XAS under- 
pressure was carried out for EuPd3B .48 above the criti- 
cal boron concentration with a mean valence v = 2.63(2). 
The obtained experimental data at room temperature 
are depicted in Fig. [5J At ambient pressure, the mea- 
sured spectrum at the L\\\ edge exhibits a main peak 
centered at 6976.5(5) eV corresponding to Eu 3+ states, 
and a shoulder at about 8eV lower in energy, originat- 
ing from Eu 2+ states, in good agreement with earlier 
measurements [20j and the heterogeneous mixed -valence 
state of Eu. 

The stepwise increase of pressure reduces the intensity 
of the 4/ 7 shoulder significantly, though it is not sup- 
pressed totally. For pressures up to 25 GPa, the pure 
Eu 3+ state as present in the compounds EuPdaBj, with 
x < 0.2, cannot be reached. Thus, EuPd3Bo.48 remains 
in a mixed- valence state but with a clearly enlarged mean 
valence v — 2.68(2). This process is reversible by decreas- 
ing pressure (compare inset of Fig. [5]). 

For the compound EuPd3Bo.32, much closer to the crit- 
ical concentration for the onset of the valence transition, 
the two valence states should be closer in energy accord- 
ing to our DFT calculations (EuPd3B .3 exhibits a sec- 
ond local minimum in the energy versus moment curve 
and smaller energy differences between the Eu 4/ 6 and 
4/ 7 states compared to EuPdsBn.s) and thus more sen- 
sitive to pressure. Unfortunately, the experimental de- 
tection of any definite valence change under pressure for 
such small B contents was beyond the resolution of the 
experimental set up. The contribution of Eu 2+ states 
to the XAS spectrum at ambient pressure is too small 
to allow a reliable observation of the transition as the 
small differences are of the same size as the background 
fluctuations. 

Applying pressure drives the Eu 2+ states in 
EuPd3Bo.48 towards Eu 3+ in a continuous way, in 
analogy to the continuous valence transition upon B 
insertion [2CJ]. However, even for pressures up to 25 GPa 
the pure Eu 3+ state for EuPd3Bn.48 cannot be recovered 
completely, raising the question whether this observation 
is due to the limit of applied pressure or impeded by an 
intrinsic property of the compound. 



C. XRD under pressure 

To estimate the pressure required to restore the equi- 
librium volume for the pure Eu 3+ state of the reference 
system EuPd3, and to ensure the stability of the crys- 
tal structure under pressure, we applied x-ray diffraction 
(XRD) measurements upon pressure. In addition, ear- 
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FIG. 2. (color online) Main panel: XAS under increasing 
pressure up to 25 GPa for EuPd3Bo.48- Increasing pressure 
reduces the intensity of the 4/ 7 shoulder indicated by a dashed 
arrow. The effect is reversible for decreasing pressure (see 
inset). 



lier XRD measurements allowed the indirect observation 
of the valence transition in the series of EuPd3B x com- 
pounds by a pronounced kink in the plot of the lattice 
parameter vs. boron content 20]. 

For pressures up to 30 GPa no structural changes were 
observed for EuPd3Bn.32 and EuPd3Bn.48- The mea- 
sured and evaluated data are shown in Fig. [3] (top, open 
squares). To evaluate the equation of state we fitted the 
experimental volume-pressure dependence by an inverse 
Murnaghan-Birch equation of state (EoS) 



V(p) = v 



Bo 



-i/s 



with the bulk modulus of Bo and its pressure derivative 
B a . The obtained EoS follows perfectly the experimen- 
tal data in the whole pressure range with Bq — 133 ± 1 
(B' = 4.7 ± 1) for EuPd 3 B . 3 2 and B = 125 ± 3 
(B' = 4.7 ± 1) for EuPd 3 Bn.48, respectively (see Fig. 
upper panel and Tab. HJ. Any direct structural anomaly 
indicating a valence instability is absent. However, the 
measured EoS allows to evaluate the volume change of 
the compounds in the applied pressure range. For a pres- 
sure of 30 GPa the volume for the EuPdsB^ compounds 
decreases by about 14%, which is more than twice the 
volume difference observed under B insertion between the 
boron rich EuPd3Bn.53 and the boron free parent com- 
pound EuPd3 [381 ] . Considering the volume change as 
the driving force of the valence transition, a pure Eu 3+ 
valence state would already be expected for pressures of 
at most 10 GPa, in contrast to the experimental obser- 
vations. Thus, the valence state of EuPdsB^ is predom- 
inantly ruled by the inserted B, while volume changes 



have minor influence. These findings are in agreement 
with the trends obtained from DFT calculations, where 
in the case of EuPd3 the volume has a sizable influence 
on the preferred valence state, while the insertion of B 
stabilizes the Eu 2+ state significantly (compare Fig. []}. 

Being aware of the experimental difficulty to resolve 
the small effects expected from a smooth and only par- 
tial change of the valence states, in combination with the 
high-pressure method (small shear forces), we compared 
the results for EuPdaB^ with the pressure-behavior of 
GdPd 3 B :E (x = 0.35,0.44) compounds, which are used 
as reference systems with half filled 4/ shell and there- 
fore a stable 4/ valence state. Evaluating the EoS for 
the GdPdsBa, compounds we obtain a significantly in- 
creased B a = 152 ± 10 ( B' = 4.8 ± 1) for GdPd 3 B .35 
and B = 145 ± 1 ( 5 = 4.8 ± 1) for GdPd 3 B . 4 5, re- 
spectively (compare Tab. U and see 39]) in comparison 
to the respective EuPdaBj, systems. 

For a more direct comparison, we normalized the de- 
rived EoS to their corresponding equilibrium volume 
(compare Fig. [3] bottom). The normalized volume vs. 
pressure curves separate into two sets, namely the Eu 
and the Gd containing compounds, pointing to a minor 
influence of the specific B content to the EoS. Further- 
more, this comparison demonstrates clearly the smaller 
bulk moduli for the EuPd3B x compounds compared to 
the Gd reference systems. In conclusion, the "softer" 
pressure dependence for the EuPdsB^ (x > 0.32) com- 
pounds compared to the Gd reference system can be as- 
signed to the Eu valence instability. This trend is also 
found independently from a theoretical estimate of Bq 
based on our DFT calculations, in line with the well- 
known problem of over-binding in LDA the calculations 
result in 1% smaller equilibrium volumes Vo and about 
10% larger B , . 



Vo 



Bo 



theor. 
EuPd 3 B .3 
EuPd 3 B .5 
exptl. 

EuPd 3 B .32 
EuPd 3 B .48 



70.92 
72.17 

71.73 
72.72 



139±2 
145±1 

133±1 
125±3 



theor. 

GdPd 3 B .35 
GdPd 3 B .45 

exptl. 

GdPd 3 B .35 
GdPd 3 B .44 



69.2 
70.45 

70.3 
72.72 



168±1 
168±1 

152±10 
145±1 



TABLE I. Fit of equations of state to the experimental data 
(exptl.) and the results of band structure calculations for 
comparison (theor.). 

The predominant role of B insertion in the valence 
transition (compared to a mere volume effect) suggests 
two possible mechanisms influencing the system: (i) the 
predominantly covalent character of the boron chemical 
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FIG. 3. (color online) Top: Measured equation of states (vol- 
ume vs. pressure) for two EuPd 3 Ba; compounds above the 
valence transition (squares) and two corresponding GdPdsB^ 
reference systems (circles) up to 30 GPa. Bottom: Compar- 
ison of the EoS, normalized to the equilibrium volume Vo, 
for all four compounds. The data separate into two sets. 
The EuPd 3 Ba; compounds show clearly a smaller bulk-module 
compared to the Gd-reference systems, whereas the influence 
of differences in the B content has only minor influence. 



bonding, or (ii) an increased number of valence electrons. 
Stimulated by a recent report [22]], we try to separate 
these two effects by a theoretical study of the related 
system Eui^La^Pds, which allows to increase the num- 
ber of additional valence electrons without the insertion 
of B. 



D. La substitution 

Recently, a similar valence instability, as found in the 
system EuPdaBa, [20], was observed for the compound 
Euo.4Lao.6Pd3 where the influence of chemical pressure 
on the Eu valence state was investigated by susceptibility 
and XRD measurements [22|] . The substitution of Eu by 
La changes the " non-magnetic" EuPd3 into a " magnetic" 
Euo.4Lao.6Pd3, comparable to the effect of B insertion in 
EuPdsBj; for x > 0.2. Applying our calculational ap- 
proach, we find a stable Eu 2+ state for Euo.4Lao.6Pd3, in 
agreement with the reported experiments. But as La and 
B are inserted at different crystallographic sites in the 
systems Eui-^La^Pds and EuPd3B x , respectively, the 
valence instability should be independent from changes 
of the structure type and the local environment of Eu. 



For a more detailed analysis we simulated the gradual 
substitution of Eu by La using the LSDA+C/+CPA ap- 
proach, analogous to the case of B substitution. To study 
the stability of the valence state, we applied the fixed spin 
moment method at two different volumes (the experimen- 
tally observed and a reduced volume) and varied the La 
content, which is equivalent to changing the number of 
valence electrons in the system. The comparison of the 
total energies corresponding to an Eu 4/ occupation close 
to 6/is/Eu (for the spin-only contribution) and 7/is/Eu 
are depicted in Fig. SJ At both volumes the La substi- 
tution strongly influences the balance between the Eu 2+ 
and Eu 3+ state. For a small volume (a = 3.80A), the in- 
creasing La content shifts the global energy minima from 
6 to 7/zs/Eu, clearly stabilizing the Eu 4/ 7 state for a 
La concentration of x > 0.4. For the experimentally ob- 
served volume of Euo.4Lao.6Pd3 (a — 4.17A) the global 
energy minimum around 7/is/Eu remains stable. Never- 
theless, also for the larger volume, the energy difference 
between the local minima and therefore the Eu 4/ 6 and 
Eu 4/ 7 state changes significantly depending on the La 
content. 

Furthermore we fully optimized the whole substitution 
series of Eui_ x La x Pd3 compounds, obtaining the volume 
and Eu 4/ occupation self-consistently. Similar to the 
observation for the EuPdaB x series under B insertion, 
we found a sudden change of the optimized lattice pa- 
rameters for a critical La concentration x ~ 0.4 (com- 
pare Fig. [5j top). This discontinuity of the volume is 
connected to a sudden change in the occupation of the 
Eu 4/ majority spin channel (see Fig. [5] bottom). The 
comparison of the critical concentration in both systems, 
EuPd3B x and Eui_ x La x Pd3, reveals the electron count 
as the key parameter determining the valence state of the 
systems. In the case of EuPdsB the system gains 3 va- 
lence electrons compared to EuPd3. Thus, for the critical 
B content of x c = 0.2, the valence transition sets in at 0.6 
electrons per Eu site. Substituting La in Eui_ x La x Pd3 
not only increases the number of valence electrons but 
also reduces the number of Eu sites. Based on one ad- 
ditional valence electron per substituted La atom, the 
critical La concentration between x — 0.35 and x = 0.4 
(equivalent to 0.35 and 0.4 electrons, respectively) is 
shared by 0.6 Eu sites, resulting in about 0.54 to 0.67 
additional valence electrons per Eu site. Thus, the crit- 
ical number of additional electrons per Eu site is essen- 
tially the same in both systems (compare Fig. [5] insets) , 
which supports independently the predominant role of 
the valence electron count for the Eu valence change. 
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FIG. 4. (color online) Fixed spin moment calculation for dif- 
ferent La concentrations in Eui-zLa^Pds at two volumes. For 
a small volume (a = 3.80 A) an increasing La concentration 
changes the energy balance between the 4/ 6 and 4/ 7 state 
(left). A large volume (o = 4. 17 A) stabilizes the 4/ 7 state 
(right). 
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FIG. 5. (color online) Optimized lattice parameter and Eu 4/ 
occupation for different La concentrations in Eui-^LazPds. 
The jump in the lattice parameter and Eu 4/ occupancy co- 
incides. Insets: Comparison to the development of EuPdaB^ 
for different B contents. The data are presented with respect 
to the same number of additional electrons per Eu site in the 
system. 



IV. SUMMARY 

In this joint theoretical and experimental investiga- 
tion we combined DFT based electronic structure calcu- 
lations with x-ray absorption and x-ray diffraction mea- 
surements at high pressures to elucidate the driving force 
of the valence transition in the system EuPd3B x , which 



stimulated many studies in the past. In the series of 
EuPdaB^ compounds (0 < x < 0.53), a valence tran- 
sition from Eu 3+ towards Eu 2+ into a heterogeneous 
mixed- valence state was observed with increasing B con- 
tent, where the onset of the transition at x c = 0.2 yields a 
pronounced lattice anomaly. The strong interplay of the 



Eu valence state and the crystal structure raised the ques- 
tion whether this transition is driven by (i) the change in 
the volume, (ii) the specific chemical bonding of boron 
or by (iii) the valence electron count. Since the substitu- 
tion of B into the system influences several parameters si- 
multaneously, in particular the crystal structure and the 
number of valence electrons, the underlying mechanism 
is not obvious. Furthermore, the separation of the dif- 
ferent parameters is impeded as the insertion of an atom 
usually induces at the same time disorder and changes of 
the local crystal field due to local distortions. However, 
also theory cannot solve the problem unambiguously as 
a mixed-valence state cannot be simulated in a standard 
DFT approach. Thus, we applied a combination of dif- 
ferent techniques to unravel the contributions of the dif- 
ferent effects on the valence transition. 

To estimate the pure volume effect (i) on the Eu va- 
lence state, high-pressure experiments for samples with 
a fixed B content above the critical concentration have 
been performed. The results of the XAS measurements 
yield a sizable influence of pressure on the Eu valence, 
although the mixed-valence state can be reversed only 
partially for pressures up to 25 GPa. The critical volume 
for the transition (corresponding to x = 0.2 at ambient 
pressure) is already reached at about fOGPa, but the 
mean valence of EuPd3B .48 only changes by about 10%. 
This leads to the picture that the volume change (i) is 
of minor importance for the transition. However, the ob- 
served valence change of Eu is independently confirmed 
by XRD experiments under pressure. The evaluation of 



the obtained equations of state for two EuPdaBa; (x = 
0.32, 0.48) and two Gd-reference (x = 0.35, 0.44) systems 
with a stable 4/ configuration resulted in a significantly 
smaller bulk modulus for the Eu compounds. This softer 
pressure dependence of the Eu compounds is a fingerprint 
of the valence change. The experimental results conform 
well with the electronic structure calculations that yield 
a much stronger influence of the B insertion than a mere 
volume expansion of the unit cell. 

The relevance of the remaining parameters ((ii) boron 
chemistry vs. (iii) valence electron count) could be es- 
timated by a systematic theoretical study of the series 
Eui-^La^Pda, where a similar valence change for x=0.6 
was reported recently [22|]. The calculations indicate a 
valence transition in Eui-^La^Pds for x\ & > 0.4 which 
corresponds surprisingly well with the electron count 
per Eu for the critical B content x® = 0.2. Conse- 
quently, this leads to the conclusion that the valence 
transition in EuPd3 derived compounds is essentially of 
electronic origin and ruled by the number of additional 
valence electrons. A detailed experimental study of the 
Eui-aTazPda system to challenge the theoretical predic- 
tion is underway. 
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